Purpose of review To discuss the fluid resuscitation and the vasopressor support in severe trauma patients.
INTRODUCTION
Trauma injury remains the leading cause of death among people aged less than 44 years with 40% of trauma deaths imputable to uncontrolled hemorrhagic shock or its consequences (multiorgan failure) and 50% due to severe traumatic brain injury during the first 24 h of care [1] . In severe trauma patients, the hemodynamic management during the first hours is crucial to insure an acceptable tissue perfusion before hemorrhage control. A critical point of the hemodynamic resuscitation of traumatic hemorrhagic shock is to prevent a potential increase in bleeding by an overly aggressive resuscitative strategy. Excessive fluid resuscitation may promote coagulopathy by diluting coagulation factors and inducing hypothermia. Moreover, an excessive level of mean arterial pressure (MAP) may induce bleeding by preventing clot formation. Delayed fluid resuscitation was reported to increase survival in comparison with immediate fluid resuscitation in penetrative torso injuries [2] . However, fluid resuscitation remains the first-line therapy to restore intravascular volume and arterial pressure, and to prevent cardiac arrest in traumatic hemorrhage. Thus, a strategy of lowvolume resuscitation needs to be handled in a flexible way and be balanced considering the severity of the hemorrhage and the transport time. A recent study even showed that prehospital fluid administration decreased in-hospital mortality in trauma patients [3 && ]. Vasopressor agents may also be transiently required in the presence of life-threatening hypotension. In addition, the early use of vasopressors could limit fluid resuscitation and consecutive hemodilution. Lastly, vasopressors are needed to achieve high
FLUID RESUSCITATION
Fluid resuscitation is the first step in the hemodynamic management of traumatic hemorrhagic shock. Restoring intravascular volume is effective to reverse tissue hypoperfusion [4, 5] and to correct oxygen debt [6] during the initial phase of hemorrhagic shock. However, excessive fluid resuscitation could contribute to the development of the coagulopathy of trauma [7, 8] and of tissue edema, which can lead to alterations of tissue perfusion and complications such as abdominal compartment syndrome or adult respiratory distress syndrome [9, 10] . In line with this, previous studies supported the concept of transferring the patient as quickly as possible to the trauma center with restrictive fluid resuscitation until the time of bleeding control [2, 11] . Thus, fluid administration before bleeding control must be limited to the bare minimum to maintain arterial pressure to minimize dilution of coagulation factors and complications of over fluid resuscitation. Recently, in an observational clinical study conducted in 1200 patients [median ISS ¼ 25 (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) ] at 10 level 1 trauma centers in the United States, 83 and 89% of the trauma patients who require massive blood transfusions had prehospital (600 AE 735 ml) and first 30 min in emergency department (836 AE 998.8 ml) resuscitative fluids, respectively [3 && ]. In this study, prehospital intravenous fluid volumes were associated with decreased inhospital mortality in trauma patients as compared with patients who did not receive prehospital intravenous fluid. As is the rule in US trauma centers, fluid resuscitation was predominantly crystalloid based using normal saline (NaCl 0.9%) or Lactate Ringer [3 && ]. Thus, the first key message is that fluid resuscitation remains the first-line therapy to restore intravascular volume and correct hypotension and that a strategy of low-volume resuscitation needs to be balanced considering the severity of hemorrhage and the time to transfer the patient. A second key message is that fluid resuscitation has to be guided as soon as possible by hemodynamic monitoring to optimize its adequacy with tissue perfusion.
Concerning the choice of the type of fluid for resuscitation, there is no clear evidence in the literature that indicated one of the fluids is better or worse in trauma patients. The main perceived benefit of colloids is that colloids can induce a more rapid and persistent plasma expansion because of a larger increase in oncotic pressure. However, randomized comparisons of fluid resuscitation with hydroxyethyl starch (HES) 130/0.4 versus normal saline in trauma patients have not always shown a superiority of HES on the recovery of tissue perfusion (i.e., lactate clearance) and showed no difference in fluid requirements and maximum SOFA scores [12] . But, it should be borne in mind that in this latter study patients in the HES group were more severely injured than those in the saline group. As regards a potential effect on mortality, the CHEST study failed to show that a fluid strategy using HES 130/0.4 (versus NaCl 0.9%) decreased the mortality in ICU patients and in particular in the subgroup of trauma patients [13] . In addition, there is continuing concern about the effects of HES on coagulation. HES has the potential to decrease the Von Willebrand factor level and to interfere with the polymerization of fibrinogen and the platelet function. Studies that address the assessment of hemostasis by thromboelastography reported that HES infusion resulted in a weaker clot with a less stable fibrin network and less firm aggregation of platelets than did crystalloid or human albumin [14] . This can lead to greater needs for red blood cells transfusions [12, 13] . Because of these effects, the use of HES is discussed at the initial phase of hemorrhagic shock. All in all, alteration of coagulation and potential deleterious kidney effects observed with last generation of HES prompted the European Medicines Agency to drastically limit usage of HES [15 && ]. The European Medicines Agency recommended not to use HES in sepsis patients and to limit their use in hemorrhagic shock patients only when crystalloids alone are not considered sufficient [15 && ]. In
KEY POINTS
Fluid loading is the first resuscitative therapy to reverse hypotension in severe trauma patients.
A strategy of low fluid resuscitation needs to be handled in a flexible way and be balanced considering the severity of the hemorrhage and the transport time.
A target systolic blood pressure of 80-90 mmHg until major bleeding control is recommended following trauma without brain injury.
A vasopressor may be required when hypotension persists despite fluid resuscitation in severe trauma patients.
A vasopressor should be administered very early with fluid resuscitation to achieve high MAP goals (MAP>80 mmHg) in severe brain-injured patients.
Fluid resuscitation and vasopressors Harrois et al. addition, HES is contraindicated in the case of coagulopathy.
As regards the other synthetic colloids, coagulation [16] and kidney function alterations [17] have been described with gelatins, but high-quality studies are lacking to know if these recommendations have to be extended to them.
The SAFE study has shown that albumin does not interfere with coagulation and kidney functions [18] . However, in the subgroup of trauma patients, especially in patients with traumatic brain injury, a negative trend in the relative risk of death was observed with albumin (versus saline) [19] . This finding was attributed to the albumin-induced increase in intracranial pressure due to its hypoosmolarity [20] .
Hypertonic saline (HTS, 7.5% saline with or without colloid) has long been considered as an interesting fluid in trauma patients. Potential benefits of HTS include restoration of intravascular volume with the administration of a small volume, reduction of intracranial pressure in trauma brain injury, and modulation of the inflammatory response. However, HTS failed to improve outcomes in patients with hemorrhagic shock or with severe traumatic brain injury [21] [22] [23] .
VASOPRESSORS
When hypotension persists despite fluid resuscitation, vasopressor agents may be required to restore tissue perfusion and sustain life. In traumatic hemorrhagic shock, the sympathetic response induces both arterial and venous a-adrenergic stimulation. In addition to arterial vasoconstrictive effect, sympathetic response induces venoconstriction in the capacitance vessels (especially at the level of splanchnic circulation), which actively shifts the venous blood volume from the unstressed volume (i.e., the blood volume that fills the blood vessels without generating an intravascular pressure) to the stressed volume with subsequent increase in venous return. In healthy patients, these physiologic adaptations are able to maintain MAP despite a significant amount of blood loss (%1500-2000 ml) [24] . Sympathetic vasoconstriction also leads to volume transfer from the interstitial to the intravascular compartment [25] . This sympathetic response is crucial to fight against the hemorrhage. However, several factors can make this response less effective in trauma. Sedation is the main competitor with the sympathetic response. In addition, systemic inflammatory response syndrome occurs promptly after trauma with peripheral vasoplegia related to increase of circulating cytokines such as HMGB1 (high-mobility group protein B1) [26] , damage associated mitochondrial proteins [27] , and excessive NO production [28, 29] . Inflammation in trauma is the result of a combination of three elements: the traumatic injury, the tissue hypoxia, and the reperfusion injury. Endogenous opioid peptides also contribute to peripheral vasoplegia during hemorrhagic shock as delta-opioid receptor antagonists can restore MAP in an experimental model of uncontrolled hemorrhagic shock [30] . Moreover, it is clear that a spinal cord injury could be responsible for vasomotor paralysis. Finally, hemorrhagic shock progressively becomes a combination of hypovolemia and vasoplegia.
For all of those reasons, it appears appropriate to support the sympathetic response during moderateto-severe traumatic hemorrhage by exogenous vasopressor infusion in addition to fluid resuscitation. It is important to understand that fluid resuscitation is more efficient when the cardiovascular system is stressed by the sympathetic response or exogenous vasopressor. In addition, vasopressors are needed to obtain high MAP targets ensuring an adequate tissue perfusion in case of severe trauma brain injury. Moreover, the early use of vasopressors could limit fluid resuscitation and hemodilution. Several experimental studies reported the beneficial effect of exogenous vasopressor infusion (mainly norepinephrine) in addition to fluid resuscitation. Indeed, in a lethal model of uncontrolled hemorrhagic shock in rats, Lee et al. [31] observed a higher survival rate in rats receiving a fixed dose of norepinephrine in addition to a fixed fluid resuscitation volume. A similar result was obtained using vasopressin [32 & ]. In these last two experimental studies, vasopressors enhanced a sympathetic tone that seems to be more or less exhausted after prolonged hemorrhage. In a study by Poloujadoff et al. [33] , a MAP-directed resuscitation of uncontrolled hemorrhagic shock in rats was undertaken with fluid alone or fluid and norepinephrine. Either for a targeted MAP of 40 mmHg or 80 mmHg, the survival was higher in groups resuscitated with fluid and norepinephrine than in groups resuscitated with fluid without norepinephrine. Moreover, bleeding amount and resuscitation fluid amount were smaller in groups resuscitated with fluids and norepinephrine [33] .
Unfortunately, there are only few clinical trials that have investigated the effects of vasopressors in trauma patients, and their use in hemorrhagic shock remains controversial. Two retrospective studies reported an independent association between vasopressor exposure during the 24 h posttrauma and mortality rate [34,35 & ]. However, despite the methodological efforts of authors, a number of limitations must be highlighted because of the retrospective nature of the analysis. In particular, the specific indications for vasopressor use and the timing of vasopressor use are really unknown. This point is crucial to establish who had vasopressor use as a salvage therapy. The type of vasopressors given is also a crucial point to take into account. For instance, in the Plurad et al. [35 & ] study, the most commonly used agent was dopamine, which is a dosage dependent and a b-adrenergic drug with weak a-adrenergic effects. Lastly, there is no clear resuscitation protocol in these studies with the risk of changes in hemodynamic resuscitative strategies over the study period. Thus, independently of the quality of these studies, it remains unclear whether vasopressor use is, in itself, detrimental or simply a marker for poor outcome in trauma patients. Cohn et al. [36 && ] performed a prospective, randomized trial of low-dose vasopressin (2.4 IU/h for 5 h at arrival to the emergency department) versus placebo and found a statistically significantly lower requirement for crystalloids, total fluids or blood in the first 24 h and 5 days. Despite the limitations of this study, in particular, the small number of patients and the fact that authors were forced to terminate the trial early because of accrual problems, these results were very encouraging to continue to explore the early use of vasopressors in trauma resuscitative strategies.
Because vasopressors may increase cardiac after load, in particular when there is an excessive infusion rate or impaired left ventricular function, it is essential to assess cardiac function during the initial ultrasound examination. This point is crucial because cardiac dysfunction may be altered in trauma patients after cardiac contusion, pericardial effusion, or secondary to brain injury with intracranial hypertension.
GOALS OF FLUID RESUSCITATION AND BLOOD PRESSURE
As we have seen above, fluid administration before bleeding control must be limited to the bare minimum to maintain arterial pressure to minimize dilution of coagulation factors and complications of over fluid resuscitation. The optimal level of blood pressure during the resuscitation of the hemorrhagic shock patient is still debated. The initial objectives are to control the bleeding as soon as possible and to maintain a level of arterial pressure that provides an adequate level of tissue perfusion that, although lower than normal, is acceptable for short periods. There are no stong data to define the optimal blood pressure level during active hemorrhagic shock [37, 38] . However, European guidelines for the management of bleeding trauma patients recommended a target systolic blood pressure of 80-90 mmHg until major bleeding has been stopped in the initial phase following trauma without brain injury [39 && ]. When traumatic hemorrhagic shock is associated with severe brain injury, cerebral perfusion pressure must be maintained by increasing the MAP at least 80 mmHg to prevent secondary brain injury [39 && ]. It becomes clear that the major challenges to obtaining the best alchemy between fluid resuscitation and vasopressors are to consider hemodynamic monitoring as soon as possible and to establish clear trauma resuscitative protocols. Hemodynamic monitoring aims at avoiding the side-effects of excessive fluid resuscitation or excessive vasoconstriction due to vasopressors leading to tissue hypoperfusion. It is usually difficult to get sophisticated hemodynamic monitoring at the initial phase of traumatic hemorrhagic shock and invasive arterial pressure is the main parameter that guides resuscitative strategy until the bleeding is controlled. But clearly, we need, as soon as possible, preload and cardiac indices to make the good balance between fluid resuscitation and vasopressors' needs. On the one hand, fluid resuscitation will only be completely effective if vasoconstrictive tonus is present. One the other hand, the vasopressor action will be complete if the unstressed blood volume can be recruited. A balance between these two therapies seems therefore necessary to optimize hemodynamic status of trauma patients with hemorrhagic shock.
Additionally, despite adequate fluid resuscitation and arterial blood pressure stabilization, only blood transfusion can support tissue hemoglobin level. Thus, one key message is that we must consider blood transfusion early during the management of traumatic hemorrhagic shock to improve oxygen delivery.
CONCLUSION
Fluid resuscitation is the first-line therapy to manage hypotension and to prevent cardiac arrest in traumatic hemorrhage. Over fluid resuscitation could contribute to the development of trauma coagulopathy and of tissue edema with alterations of tissue perfusion and complications, such as abdominal compartment syndrome and adult respiratory distress syndrome. Fluid administration before bleeding control must be limited to the bare minimum to maintain arterial pressure to minimize dilution of coagulation factors and complications of over fluid resuscitation. A strategy of low-volume resuscitation needs to be handled in a flexible way and must take into consideration the severity of hemorrhage and the transport time. A target systolic blood pressure of 80-90 mmHg until major bleeding has been stopped is recommended following trauma without brain injury. In addition to fluid resuscitation, early vasopressor support may be required to maintain arterial pressure. It is clear that vasopressor support prevents or delays cardiovascular collapse until bleeding control. Moreover, early vasopressor support could prevent excessive fluid resuscitation. In addition, vasopressors are needed to obtain high MAP target ensuring an adequate tissue perfusion in case of severe trauma brain injury. To find the best alchemy between fluid resuscitation and vasopressors, it is crucial to consider hemodynamic monitoring as soon as possible and to establish trauma resuscitative protocols with clear hemodynamic goals. Resuscitation protocols that optimize the prehospital and hospital's fluid benefit while conscientiously avoiding an elevated blood pressure until the bleeding is controlled should become standard.
